Kinetic spray process has been applied to various industrial fields such as automotive, aviation, and defense industries due to its availability to produce high-performing coating layer. However, since the properties of kinetic-sprayed coating layer are significantly affected by the microstructures of deposit, the microstructures of the deposit should be controlled to acquire advanced coating layer and, accordingly, deep understanding of microstructural evolution must be achieved before controlling the microstructure of the coating layer. This paper gives an overview of contents related to the microstructure of kineticsprayed deposition. The most powerful influencing factors in microstructural evolution of kinetic-sprayed coating layer are instant generation of thermal energy and high-strain, high-strain-rate plastic deformation at the moment of particle impact. A high-density coating layer with low porosity can be produced, although some micro-cracks are occasionally induced at the interparticle boundary or at the inner region of the particles. Also, a microstructure which is distinct from the inner particle region is created in the vicinity of the particle-particle or particle-substrate interface region. However, almost no crystal phase transformation or chemical reaction is induced since the deposited particles are not heated directly by a thermal energy source.
Introduction
In the kinetic spray, or cold gas dynamic spray process, micron-sized particles are deposited on a substrate by accelerating them to supersonic speeds (300-1200 m/s) using converge-diverge de Laval nozzle (Ref [1] [2] [3] [4] [5] [6] [7] [8] . This induces intimate bonding assisted by adiabatic shear instability at the particle-particle and particle-substrate interface . Such characteristic of kinetic spray process, using kinetic energy rather than thermal energy for the particle deposition, provides specific properties to the resultant coating layer (Ref 3, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Accordingly, kinetic spray process has been applied to various industrial fields such as automotive, aviation, defense, energy, etc. (Ref [24] [25] [26] [27] . With regard to this, however, the required performances and properties are quite different according to the applications, since not only the purposes of use in each application but also the usage circumstances are dissimilar. Thus, the suitable and optimized properties have to be derived for each of application, respectively, in order to achieve the intended purpose of coating.
At this point, it should be noticed that the properties of kinetic-sprayed coating layer are highly affected by the microstructures of deposit, although the basic properties of the coating layer are determined by the physical and chemical properties of feedstock materials. For example, Yittria-stabilized Zirconia (YSZ) is usually applied to thermal barrier coating as a form of somewhat porous structure, in order to reduce the thermal conductivity as much as possible (Ref 28) . However, most of the mechanical properties of the deposit become degraded along with the increase of porosity because pores in the coating layer eventually mean unbonded interparticle interfaces (Ref 29) . To optimize the properties of YSZ thermal barrier coating, the microstructure of the coating needs to be properly porous as much as it can endure external force under its service environment. Likewise, the microstructures of the deposit have to be controlled to obtain high-performing and advanced coating layer. Profound understanding of microstructural evolution must be obtained before able to control the microstructure of the coating layer.
Generally, in the case of kinetic-sprayed deposit, the microstructure is different from that of the coating layer produced by conventional thermal spray processes. The distinctive microstructural evolution in the coating layer is due to high-strain and high-strain-rate plastic deformation of particles, in addition to a large induced quantity of thermal energy near the interface region. Such microstructural evolution is significantly affected by process conditions since process conditions and feedstock particle state determine the in-flight behavior of feedstock particle (Ref [30] [31] [32] [33] and, consequently, the deposition behavior of impacted particles .
On the basis of the aforementioned things, numerous researches have been dedicated to the understanding of microstructure of kinetic-sprayed deposit. Macroscopically, kinetic-sprayed deposits show low porosity and high density with severely deformed and compacted particles (Ref [49] [50] [51] . Microscopically, the inhomogeneous microstructures are generated between inner and near-interfacial region of deposited particles ( Ref 49, [52] [53] [54] by an assistance of stored strain-energy-relieving phenomena: grain refinement, dynamic recovery (DRV), dynamic recrystallization (DRX), static recovery (SRV), and static recrystallization (SRX) (Ref 52, (55) (56) (57) (58) (59) (60) (61) (62) . Additionally, local phase transformations such as amorphization, crystallization (amorphous alloy), and intermetallic compound creation can occur in the vicinity of the interface (Ref [63] [64] [65] . Above this, post-heat treatment of as-sprayed specimens has significant effect on the microstructure by causing phase transformation or annealing phenomenon . However, such researches about the microstructural evolution of kinetic-sprayed deposit have been conducted separately and have never been summarized systematically before, in spite of their importance.
This paper provides an overview of the organized contents related to the microstructure of kinetic-sprayed deposit. The crystal phase compositional change and inhomogeneity of kinetic-sprayed coating are presented; the density, pores, and micro-cracks of the kineticsprayed deposit follow. Finally, the specific microstructural evolution of kinetic-sprayed coatings is discussed and summarized with the examination of some practical cases. The focus of this review is the effect of severe plastic deformation and instantly arising thermal energy at the vicinity of the particle-particle and particle-substrate interface on the microstructure of the kineticsprayed deposits.
Crystal Phase Composition and Reactions
As it is well known, the kinetic spray process does not involve an external thermal energy, which is the primary characteristic that separates it from the thermal spray process. Consequently, the phase and properties of the asreceived powder are preserved during the deposition stage of the kinetic spray process and, as a result, the desired properties can be retained through the deposition process without any noticeable changes such as oxidation or phase transformation.
However, the presence of chemical reactions or phase changes cannot be completely ruled out. Although the quantity is extremely low, a small number of chemical reactions or phase transformations can occur near the vicinity of the particle-particle or particle-substrate interface due to the instantaneous heat generation at the moment of impact. In addition, after heat treatment, considerable quantity of additional intermetallic compounds can be formed at the interface of the coating substrate between components of the composite.
In this chapter, the phase and chemical reaction of the kinetic-sprayed coating layer will be discussed.
As-Sprayed Specimens
In the kinetic spray process, particles are deposited as solid state due to the absence of a heat source such as plasma or arc. Although the process gas used in the kinetic spray is heated to 700-800°C, this gas temperature setting plays the role of accelerator rather than heater to the particles. Particle heating effect is minimal due to the short residence time of particles and to the cooling of the process gas at the throat of the De Laval nozzle. This is obviously shown in the research of T. Schmidt et al. Figure 1 shows the results of numerical simulation of the temperature sequence of in-flight Cu particle through the nozzle (Ref 81) .
Although the initial temperature of the process gas is 900°C, it can be easily found that the temperature of 5 and 50 lm Cu particle was just~350 and~100°C at the exit of the nozzle, respectively. The temperature difference between the 5 and 50 lm Cu particle was caused by higher heat loss of the 5 lm Cu particle due to the particle size effect. The smaller particle was heated more rapidly than the larger particle, but the rate of heat loss was so high that the temperature of the smaller particle decreased immediately due to a high ratio of surface area to volume, according to T. Schmidt et al. (Ref 10) .
Additionally, according to results from particle impact modeling using ABAQUS conducted by many researchers, the inner region of the particles is not significantly heated relative to the vicinity of the interface between particle-particle and particle-substrate at the moment of impact, where the temperature increases to 0.99 T m (Ref [9] [10] [11] [12] [13] . Thus, in terms of the entire kinetic-sprayed deposit, virtually no phase transformation or chemical reaction (i.e., formation of intermetallic compounds) occurs during the deposition stage. This can be easily verified via a phase analysis of the coating layer. Figure 2 presents a comparison of XRD peaks between the NiTiZrSiSn amorphous alloy feedstock material and the as-sprayed coating layer, which is the result of research (Ref 82) . Fig. 1 Numerically calculated Cu particle temperatures during the flight through the nozzle (nitrogen as process gas, T gas = 900°C, P gas = 40 bar, isentropic calculation, size of 5 and 50 lm)
In Fig. 2(a) , the deposit grew increasingly dense with the increase in powder pre-heating temperature, since the plastic deformation resistance of impacting particles was reduced as a result of pre-heating. However, according to the result of XRD diffraction analysis of NiTiZrSiSn coating layer (Fig. 2b) , no phase transformation occurred in the deposited coating layer, even with the pre-heating of particles during the process. This result implies that the heat energy provided from the pre-heating chamber only softened the impacting particles and did not cause any phase transformation.
As demonstrated by Assadi et al., the high-velocity (above the critical velocity of each material) impact of particles induces an instantaneous rise in temperature, and takes place in the vicinity of the interface, particularly at the periphery of the interface (Ref 9) . In accordance with the results of particle impact modeling, the maximum temperature can rise momentarily to 0.99 T m . Consequently, a small phase transformation (amorphization and crystallization) or chemical reaction (formation of intermetallic compounds) can be developed. For example, according to Xiong et al., some parts of the interface region in the pure Al deposit produced via kinetic spray showed amorphous structures. Figure 3 presents TEM images of individual Al particle impact at the interface between the Al particles and the substrate (Ref 63).
In Fig. 3(b) , a well-bonded interface was observed with some flow-like areas (~10 nm). The boxed area in Fig. 3(b) was measured under high magnification (Fig. 3c ) for additional investigation, and, as a result of the diffraction pattern analysis, the creation of a~3-nm thickness of this amorphous Al layer was confirmed. The primary causes of such amorphization at the vicinity of the interface region are the high-strain/strain-rate deformation with shear instability and the heat generation to 0.99 T m followed by rapid quenching.
On the other hand, in the case of amorphous materials, the crystallization can be generated near the interface region the kinetic sprayed amorphous material. S. Yoon et al. researched the strain-enhanced nanocrystallization at the interface area of the CuNiTiZr coating formed by kinetic spray. Figure 4 shows the HREM image of the nanocrystalline region in the CuNiTiZr coating (Ref 64) .
The crystallized area appeared at the periphery of the particle-particle interface of CuNiTiZr BMG deposit, as demonstrated in Fig. 4 . Similar to the amorphization of pure Al, a high degree of plastic strain and intense heat generation induced the crystallization of CuNiTiZr by decreasing the activation energy for the crystallization. Here, the amount of crystallization increased with the gas pressure (from 1.5 to 3.0 MPa) due to the greater energy supply under the higher process gas pressure.
In addition, some intermetallic compounds can be formed occasionally at the limited area near the interface between deposited particles. In the research of Guetta, which investigated the effect of particle velocity on the bonding of impacting particles, the creation of Al-Cu intermetallic compounds was confirmed by TEM images and FFT pattern analysis, as shown in Fig. 5 (Ref 65) .
The intermetallic compounds Al 4 Cu 9 and Al 2 Cu are approximately~400 nm in size, and were created between deposited Al particles and the Cu substrate. These Al-Cu intermetallic compounds were the result of a high degree of heat generation with adiabatic shear instability, which reinforced the atomic diffusion and chemical reaction between Al and Cu elements.
In summary, phase transformations and the formations of intermetallic compounds hardly occur due to highly localized plastic deformation and thermal energy generation, when a kinetic-sprayed deposit is examined overall with a macroscopic scale. However, very small phase transformations (i.e., amorphization and crystallization) or chemical reactions (i.e., creation of intermetallic compounds) can be generated near the particle-particle and particle-substrate interface area.
Heat Treated Specimens
Kinetic-sprayed specimens contain residual stress in the coating layer following the deposition process. Chemical/ metallurgical bonding is achieved only at the periphery of the particle-particle and particle-substrate interface. The majority of the interface is restrained by mechanical interlocking, induced by severe plastic deformation of impacted particles involving jetting at the periphery of interface. Therefore, kinetic-sprayed specimens are typically heat treated to release the residual stress and to derive the additional chemical/metallurgical bonding at the interface, which enhances the mechanical properties.
However, heat treatment is also applied to produce new phases by phase transformation or chemical reaction at the interface between the particle-particle and the particle-substrate. Such formations of new phases are attributed to the externally supplied thermal energy during heat treatment. In phase transformation, as with the bulk alloy, new phases can be obtained by heating the specimen above the phase transformation temperature for a period of time (Ref 83) .
Additionally, intermetallic compounds can be created at the interface region via chemical reaction between the components of deposited materials. In the intermetallic compound formation procedure, the control of the heat treatment temperature plays a key role. The diffusion of elements in the kinetic-sprayed specimen becomes more active in accordance with the rise of heat treatment temperature, which contributes to the successive formation of intermetallic compounds beyond the vicinity of the interface region. At this point, the quantity of intermetallic compounds grows along with the increase in temperature due to the extended diffusion length which is associated with the higher heat treatment temperature. Yang et al. conducted an investigation about the microstructure and the erosion performance of post-heat treated Fe-Al coating layers deposited via the kinetic spray (Ref 68). According to this research, increasing quantity of FeAl intermetallic compounds was created along with the increase in heat treatment temperature. Cross-sectional SEM images of assprayed and heat treated deposits are presented in Fig. 6 .
The white areas in Fig. 6 (a) represent the Fe-rich phase, and the gray lamella areas were Al-rich Fe-Al solid solution. This microstructure was maintained following kinetic spray deposition, as shown in Fig. 6(b) . Remarkably, after heat treatment of the kinetic-sprayed Fe-Al deposit, the white Fe-rich region and Al-rich lamella structure disappeared and FeAl intermetallic compounds were created. As mentioned above, the quantity of FeAl intermetallic compounds increased in accordance with the increase in heat treatment temperature ( Fig. 6c and d) . The dark gray particles in 6(d) appearing after heat treatment were Al-rich oxides based on the pre-existing oxide particles in the as-sprayed deposit.
Various distinctive kinds of intermetallic compounds can be formed based on the heat treatment temperature due to the difference in required chemical reaction temperatures between the intermetallic compounds. For example, each of four types of intermetallic compounds in the Ti-Al metal composites (i.e., TiAl 3 , TiAl 2 , TiAl, and Ti 3 Al) has a distinct temperature which is required for creation. Thus, for the kinetic-sprayed Ti-Al composite coating layer, it is possible that distinct types of Ti-Al intermetallic compounds are formed with regard to the heat treatment temperature. However, the heat treatment temperature and time should be carefully adjusted to prevent the delamination between the components of the kinetic-sprayed specimen, which is caused by differences in the thermal expansion coefficient.
Inhomogeneity of the Kinetic-Sprayed Coating
Most of the high-strain/strain-rate plastic deformation in the kinetic spray process is concentrated in the neighborhood very close to the interface. Therefore, the region near the interface of the deposited particle presents a microstructure different from that of the inner part of particle, where the microstructure is similar to that of the as-received material. This is clearly suggested in the research of King et al., which examined the refinement of grains in kinetic-sprayed copper particles. Figure 8 presents the microstructure of single kineticsprayed Cu particle on the C-11000 Cu substrate (Ref 52).
In Fig. 8(b) , the interior of the deposited Cu particles was divided into the four parts, from the inner region to the interface region, in sequence from A to D. The degree of plastic deformation of the grains clearly intensified in the order of A, B, C, and D. That is, the morphology of grains in the inner particle area (A and B) was similar to that of the feedstock Cu powder (Fig. 8a) , while the grains near the interface region (C and D) were highly deformed and elongated due to the concentrated high-strain/strainrate plastic deformation. In particular, adiabatic shear instability is generated at the periphery of the interface and results in susceptibility of the edges of the particle-particle and particle-substrate interface to plastic shear deformation. Consequently, a highly localized deformed structure is created at the interface region of the deposited particles with the formation of jets. The jetting can be easily found when the deposited single particle is observed by SEM. Figure 9 (a) clearly shows a kinetic-sprayed single Cu particle. It is very obvious that the jetting is created around the deposited Cu particle, which is the result of the research of However, jetting cannot easily be detected in the case of multi-particle deposition, due to the high degree of additional plastic deformation caused by subsequent impacting particles and the crumbling of jetting morphology. One method of distinguishing jetting is to find the ÔfoldedÕ structure, which is marked with a solid black arrow in Fig. 9(b) (Ref 53) .
Furthermore, tangled, mixed structure can be generated in a local area by the generation of transient interfacial instability at the moment of impact. According to Fig. 7 The cross-sectional BSE images of kinetic-sprayed Ti-Al deposit after the heat treatment: (a) annealed at 650°C for 3 h, (b) annealed at 650°C for 16 h, (c) annealed at 650°C for 6 h and following holding at 850°C for 3 h, and (d) annealed at 650°C for 16 h and following holding at 850°C for 3 h Figure 10 (a) shows a mixed structure induced at the interface between deposited Ni particle and the Al substrate. The roll-ups and vortices can be clearly observed within the range of a few microns. The tangled structure can be generated on a significantly smaller scale (a few hundred nm), as shown in region ÔAÕ of Fig. 10(b) (Ref 54) .
At this point, it is important to note that these kinds of tangled and mixed structures contribute to enhance the bonding between particle-particle and particle-substrate, by induced mechanical interlocking. Referentially, the mechanical bonding created by the mechanical interlocking dominates the bonding formed in the deposit, while the chemical/metallurgical bonding via adiabatic shear instability occupies only a small portion restricted to the periphery of the interface.
Above this, microscopically, additional microstructural changes appear during the deposition at the interface region due to heat generation up to 0.99 T m and a high degree of plastic deformation. Dynamic or SRV/recrystallization, grain refinement, dislocation loops or shear bands generation, and twin formation can be produced at the interface region in accordance with the process conditions and material properties which yield distinction in particle impact behavior. A more detailed explanation is presented in section 5 (Microstructure of Kinetic-Sprayed Coatings).
Density, Pores, and Micro-cracks
In terms of producing a deposit on the substrate, it is in general preferable to acquire high-density and low-porosity coating layers without any defects. The coating layers deposited via kinetic spray process exhibit a significantly higher density and lower porosity than the thermal-sprayed deposits. Since the particles deposited by kinetic spray process experience severe plastic deformation, the empty space between the impacting particles is filled up by the flow of highly deformed particles. The subsequent particle impact induces a compaction of predeposited particles in the coating layer, which is referred to as the tamping effect. This effect can be clearly observed in Fig. 11 , which is the result of pure Ti deposition using the kinetic spray process (Ref 36) . Figure 11 (a) shows the bulk-scale Ti deposit produced by kinetic spray process. During the deposition stage, previously deposited Ti particles were tamped by subsequent particle impact due to sufficiently high hardness of Ti particles. Thus, the microstructure became denser and denser from the upper part of the deposit (Fig. 11b) to the lower part of the deposit (Fig. 11d) .
However, due to high-pressure generation at the moment of impact, a shock wave spreads out from the point of collision into the inner particle and, consequently, micro-cracks can be initiated at some defects. Such microcracks are usually observed at the particle-particle interface as perfect chemical or metallurgical bonding cannot be obtained throughout the entire coating layer. The requirements for the formation of chemical/metallurgical bonding are primarily achieved at the periphery of the interface, where the instantaneous peak temperature can be 0.99 T m at the moment of impact. Figure 12 clearly shows the difference in the bonding state along the interface between the deposited particle and the substrate (Ref 85) .
It can be readily determined from the undistinguishable particle-substrate boundary that the edge regions of the interface were well bonded, which was a result of the generation of adiabatic shear instability and heat energy. A narrow gap existed between the deposited Ni particle and Cu substrate at the center of the interface. As is well known in the kinetic spray field, two factors contribute to the failure of successful bonding formation: strong springback force due to the elastic rebound energy, and insufficient bonding energy. As a result, micro-cracks often appear at the center of the interface. In the case of metalceramic composite, micro-cracks can be generated at the time of impact between ceramic portions. Since the particles should be plastically deformed to create the bonding, the impact between brittle ceramic portions of particles causes micro-cracks at the interface or inner particle due to the lack of plasticity.
These micro-cracks degrade the mechanical properties of the coating layer such as ductility and adhesive/cohesive bond strength. Thus, to reduce the micro-cracks, it is much better to heat treat the kinetic-sprayed coating layer after the deposition step. Also, the pores in the deposit can be additionally decreased by heat treatment due to the diffusion. Figure 13 presents the effect of heat treatment on the porosity of kinetic-sprayed Cu deposit, which is the result of Li et al. (Ref 69) . In this case, the pure Cu was deposited and post-heat treated to observe the microstructural change resulting from the heat treatment. The porosity of the Cu deposit was significantly reduced after post-heat treatment and the degree of porosity reduction increased with heat treatment time (Ref 69) . In addition to decreased porosity, other microstructural altering phenomena can be induced by heat treatment. A more detailed discussion is presented in section 5.
Microstructure of Kinetic-Sprayed Coatings
From a macroscopic point of view, a highly dense coating layer is created by filling the empty space between deposited particles that results from the high degree of plastic deformation of impacting particles as a result of the tamping effect. The inner part of the deposited particles exhibits a microstructure similar to that of the as-received powder, since the influence range of severe localized plastic deformation and heat generation is highly limited to the vicinity of the interface region. From a microscopic point of view, localized severely deformed layers and tangled/mixed structures are induced by adiabatic shear instability at the periphery of the particle interface. The generated heat energy in particular, which manifests in temperature peaks of 0.99 T m in the periphery region of the interface, produces some microstructural transitions such as grain refinement, dynamic or SRV/recrystallization, dislocation loops or shear bands generation, and twin formation.
As-Sprayed Specimens
Deformed material structures such as dislocations and shear bands are the outcome of energy conversion from mechanical force (shear force on materials) to strain energy, appearing in the form of defects. Accordingly, it can be said that deformed materials are thermodynamically unstable and thus move toward stable states when conditions allow.
In the case of the aforementioned kinetic-sprayed specimens, highly distorted and deformed layers are created near the interface region due to the high-velocity impact of deposited particles. At the same time, temperature can increase up to 0.99 T m at the periphery of the interface region due to the development of adiabatic shear instability. As a result, some microstructural changes (grain refinement and static or DRV/recrystallization) are produced near the particle-particle or particle-substrate interface in the sequence of relieving strain energy assisted by thermal energy generated from high-pressure impact with adiabatic shear instability.
As mentioned above, the high-pressure impact of particles generates a number of dislocations near the interface region. In this process, the localized high dislocation density can produce a number of dislocation cells, which typically become subgrains. Accordingly, grains in the vicinity of the interface region are somewhat refined relative to the grains in the inner region of the deposited particles. This type of grain refinement sequence is described in Fig. 14, which It is well known that, when an extremely high dislocation density is created during deformation, dislocations are not randomly generated in the deformed region, but are instead gradually arranged in the form of dislocation cells. In the case of severely deformed kinetic-sprayed particles, it is reasonable to assume that some elongated subgrains are formed near the grain boundaries, which is the result of high accumulated dislocation density. The elongated shape of subgrains is a result of simultaneous plastic deformation at the moment of the subgrain formation (Ref 57) .
In addition to simple grain refinement resulting from the formation of elongated subgrains, recovery or recrystallization can also occur concurrently with plastic deformation of impacting particles during the particle impact stage. These types of recovery and recrystallizations are referred to as DRV and DRX. In DRV, the stored strain energy is reduced by the annihilation of dislocation dipoles, which is actuated by interactions between stored network dislocations and mobile dislocations at elevated temperatures; a dislocation dipole means the two dislocations of opposite signs on different slip planes, which are separated by an atomic scale distance. More specifically, the annihilation of dislocation dipoles results from the non-zero force components perpendicular to the slip planes due to the elastic interaction between dipoles. At this point, the corresponding motion of the dislocations out of the slip plane to the elastic force is only possible via dislocation climb, which is extremely active at elevated temperatures (Ref 86-89 ). In the case of kinetic-sprayed particles, the build-up of high dislocation density and heat energy near the interface region satisfies the requirements for the elimination of dislocation dipoles by dislocation climb and, accordingly, DRV occurs in the vicinity of the interface region.
On the other hand, the relief of stored energy in DRX is caused by the formation of new dislocation-free grains. Two mechanisms form the basis of this process: migrational DRX and rotational DRX. Migrational DRX involves the migration of high-angle grain boundaries into the highly strained region and, as a result, new strain-free grains are formed to reduce the stored energy. However, in kinetic-sprayed specimens, the DRX phenomenon near the interface of the deposited particles cannot be explained with the migrational DRX mechanism due to significantly low high-angle grain boundary mobility under a fairly high strain rate, which exceeds 4.0 9 As mentioned above, some elongated dislocation cells and subgrains can be formed at the vicinity of the interface region during the particle deposition stage (Fig. 15a) . When the deformation of impacting particles continues even after the creation of elongated subgrains, those elongated subgrains are broken into smaller pieces (Fig. 15b) . Consequently, broken subgrains are rotated by additional shear forces and refined strain-free grains are finally formed (Fig. 15c) . Figure 16 presents the EBSD characterization of the microstructure of kinetic-sprayed Ni particles adjacent to the interface region, as induced by DRX ( Ref 57) .
As shown in Fig. 16(a) , the grains near the particleparticle interface were highly refined due to the DRX phenomenon. Although refined grains can result from SRV or SRX, DRX is a more reasonable cause of the refined grains in this case, since the pattern quality of the refined grains was significantly lower than that of the coarse inner particle grains. In contrast to the strain/defect-free grains created by SRX, the newly formed grains via DRX still contain dislocations due to the simultaneous plastic deformation even during the process of DRX (Fig. 16b) . Subsequently, the degree of grain misorientation increased from point A (inner particle) to point D, as a result of new refined grain creation by DRX.
SRV and SRX can occur by an assistance of the residual heat during the cooling process following the plastic deformation stage of impacted particles, if sufficient heat energy to induce SRV or SRX is maintained for a certain times. Especially, in the case of high-adiabacity materials like titanium, SRV and SRX can be much more developed due to higher persistency of thermal energy and this was investigated by G. Bae et al. in 2010 (Ref 56) . Here, the adiabacity means the ability of material to keep thermal energy in limited part. Figure 17 shows a high-magnification TEM image of the kinetic-sprayed titanium interface region, where the particle-particle interface is marked with white arrows. A distribution of dislocation-free nanograins can clearly be observed along the interface, caused by grain refinement through DRV and DRX, and dislocation annealing through SRV. The refined nanograins were produced via DRV and DRX. Subsequently, the remaining nanograin dislocations were removed by SRV, which was driven by the residual heat present as a result of the low thermal conductivity of Ti (high adiabacity) (Ref 56) .
These SRV and SRX can be enhanced by additional heating caused by the tamping effect from subsequent particle impacts. On the basis of this principle, SRV and SRX can be induced even in the presence of high thermal conductivity (low adiabacity) materials such as Al and Cu. This implies that the duration of heat energy induced by the subsequent particle impact is sufficient to generate SRV and SRX, though the actual duration is extremely short and the influence range of subsequent particle impact is limited to just a few layers on the basis of impact location. The sequence of SRV and SRX affected by successive particle impact in kinetic spray deposition is presented in Fig. 18 , which is introduced in the research of Kang et al. (Ref 55) .
After the impact and deposition stages, some refined grains are created by DRV and DRX, and the upper region of the deposited particle is somewhat strained (Fig. 18a) . Additional heat energy is generated in sequence by subsequent particle impact, while subsidiary heat is transferred from successive particle impacts (Fig. 18b) . As a result, microstructural alteration occurred at highly strained area by the static restoration processes (SRV and SRX) (Fig. 18c) . It is important to note that the resultant microstructures can be sufficiently affected by the quantity of accumulated stored strain energy, which can be differentiated with the degree of plastic deformation. Some examples of the microstructures produced by SRV and SRX of the kinetic-sprayed Al deposit are presented in Fig. 19 (Ref 55) .
As shown in Fig. 19 , both static recovered and static recrystallized microstructures can be clearly observed in the kinetic-sprayed Al coating layer; however, it should be noted that SRV was the primary process in this kineticsprayed Al deposit. This is because these recovery and recrystallization phenomena have a competitive relationship since both of SRV and SRX consume stored strain energy during the reaction. The activation energy required for SRV was lower than for SRX, since the dislocation glide and climb was fairly active in high stacking fault energy (SFE) materials such as Al. Therefore, most of the stored strain energy was relieved through SRV (Ref [91] [92] [93] [94] [95] [96] .
To provide more generalized explanations, the microstructural reaction to the given thermal energy is considerably affected by the material properties and the degree of stored strain energy. Criteria for the occurrence of recovery and recrystallization such as temperature and stored energy (dislocation density) are different for the coating materials. The degree of freedom for dislocation movement is a crucial factor in recovery and recrystallization phenomena. Representatively, the SFE influences recovery and recrystallization and, in the case of high SFE material, recovery can be easily induced because dislocations are not dissociated into partial dislocations to avoid the creation of stacking fault. However, low SFE materials are highly sensitive to local conditions such as dislocation density, dislocation arrangement, and temperature Figure 20 shows the distinctive interface microstructures of kinetic-sprayed Al, Cu, and Ni. In the case of Al (Fig. 20a) , some equiaxed nanocrystalline structures appeared near the interface region due to the dominant occurrence of recovery over recrystallization resulting from the high SFE of Al. As mentioned above, when the SFE is high, dislocations generated by particle impact hardly dissociate into partial dislocations to avoid producing stacking faults and dislocations move easily in a direction perpendicular to the slip plane at elevated temperatures, stimulating recovery. Also, tangled microstructures (marked A and B in Fig. 20a ) and a wellbonded region where the interface is indistinguishable were formed in the vicinity of the interparticle interface.
The lower SFE in the Ni deposit (Fig. 20b ) increased the difficulty of generating a recovery process, so the stored strain energy was primarily consumed by the recrystallization process. As a result, a uniform duplex structure comprised equiaxed nanosize grains on one side and microsize grains with coffee-bean-like contrasts on the other side was formed on the basis of deposited Ni particles interface. According to the research of Borchers et al., these coffee-bean-like structures resulted from the formation of intrinsic and extrinsic dislocation loops in some grains. Figure 21 shows the HRTEM images of coffeebean-like contrasts with dislocation loop in a kineticsprayed Cu deposit after the heat treatment for 1 h at 600°C. C. Borchers et al. infer that these intrinsic and extrinsic dislocation loops were likely created by the agglomeration of point defects, which resulted from the dislocation climb during or after the sequence of impacted particle plastic deformation (Ref 97) .
Lastly, as shown in Fig. 20(c) , the interfacial microstructure of kinetic-sprayed Cu was not uniform and various kinds of microstructures were produced after the deposition: relatively large grains with high dislocation density arranged in walls (A), elongated refined grains (B), equiaxed ultrafine grains (C), and micro-sized grains with recrystallization twins (D). Such various and non-uniform microstructures are attributed to lowest SFE of Cu among the Al, Ni, and Cu. An extremely low SFE hinders the movement of the dislocations by inducing the dissociation of dislocations and, as a result, cross-slip and recovery are hard to occur. Accordingly, the microstructural evolution at the interface region of kinetic-sprayed Cu becomes determined by recrystallization rather than recovery, which is fairly dependent on local conditions such as dislocation density, dislocation orientation, dislocation arrangement, and local temperature.
Other types of microstructural change such as shear band and twin formation can occur near the severely deformed interface region. As mentioned above, high-strainrate deformation is fully concentrated at the interface region and, as a result, shear bands are usually generated by adiabatic shear localization (Ref 98) . Particularly, at the moment of deposition, a number of shear bands are generated at the periphery of the interface region since that region is sufficiently susceptible to shear plastic deformation due to adiabatic shear instability. Figure 22 shows the shear bands generated in the kinetic-sprayed Cu deposit (marked with a white circle) (Ref 99) .
Also, twin formation can occur in kinetic-sprayed coating layers when the SFE of the coating material is low and the following condition can be satisfied: Fig. 18 The sequence of microstructural change via SRV and SRX during the kinetic spray: (a) microstructural state after the deposition stage, (b) additional heating by subsequent particle impact, and (c) microstructural change via SRV and SRX 
where r S is the slip stress, r T is the twin stress, Dr 0 G is the contribution by solutes and initial dislocation density, e is the strain, _ e is the strain rate, k is the microstructural stress intensity, d is the grain size, and c 2 , c 3 , c 4 are the material constants. According to the research of King et al. (Ref 52) , the conditions suggested above are satisfied when the strain and strain rate are high, though the twinning stress was overestimated because of the effect of solute atoms in the material. However, this is a fairly unusual case, in which nano-twins were generated even in a relatively high 100). In this case, the contact stress estimated via FEM simulation was definitely lower than the calculated twinning stress determined using the above equation and thus the generation of nano-twins cannot be explained in terms of twinning stress. Bae et al. insisted that the primary cause of nano-twins in kineticsprayed Ni deposits was the lowered Zener-Hollomon parameter (Z ¼ _ eexpðQ=RTÞ) by suppressed dislocation activity in newly created nanograins near the interface region (Ref 101). It was also inferred that a small quantity of solute atoms included in the feedstock Ni powder contributed to the reduction in dislocation mobility (Cu) and in SFE (Co), resulting in the formation of nano-twins. Figure 23 shows the nano-twins formed in the kineticsprayed Ni coating layer. Narrow nano-twins (region ÔiÕ) and nano-twins bundles (region ÔiiÕ) can be clearly observed.
Heat Treated Specimens
In contrast to the as-sprayed specimen, microstructural changes in the heat treated specimen are generated throughout the entire specimen in the case of heat treated specimens, not only at the interface region, but also at the inner particle region, because of the supply of thermal energy to the entire specimen. The basic concept of the resultant microstructural evolution induced by heat treatment is identical to that of annealed bulk alloys. Figure 24 shows the sequence of microstructural changes in the kinetic-sprayed Al coating layer with extended heat treatment time (Ref 76) .
Elongated grains produced by the high-velocity impact of Al particles were replaced by SRX grains after the heat treatment (Fig. 24b) . These alternative SRX grains were gradually formed in accordance with increased heat treatment time (Fig. 24c) , though grain growth eventually ceased in this case, at 2 h. Figure 25 presents the obvious microstructural changes induced by heat treatment (Ref 76) . Figure 25(a) shows the image quality (IQ) map of the as-sprayed Al coating layer. The region was divided from A to C, from the inner region to the interface region. The overall IQ was poor in this case due to the severe plastic deformation of particles. Especially, the region ÔCÕ showed the poorest IQ due to extremely high dislocation density; however, a clear IQ map was obtained after heat treatment by decreased dislocation density resulting from SRV, SRX, and grain growth (Fig. 25b) . It is important to note that the microstructure of the interface region was similar to that of the inner particle region. This means that microstructural changes occurred more rapidly at the interface region than at the inner particle region due to higher stored strain energy.
Nevertheless, the microstructural changes at the interface region are more dynamic than at the inner region of the deposited particles. Although the high strain energy at the interface region is consumed by strain-energy-relieving phenomena such as DRV, DRX, SRV, and SRX during the deposition stage, a great number of dislocations still remain near the interface region. Thus, SRV, SRX, and grain growth occur more actively at the interface region to relieve the remaining stored strain energy. Besides, it should be noticed that the microstructural changes can be sufficiently different even for the identical heat treatment conditions, in accordance with the kinetic spray process conditions and with the material properties, which affect the impact behavior and stored energy relieving behavior of particles. Also, as mentioned in section 5.1, different material properties (i.e., SFE) result in distinctive microstructural evolution because of their influence on the dislocation behavior (Ref 80) .
Additional metallurgical/diffusion bonding is created after heat treatment at the mechanically bonded interface by a diffusion of elements in the coating layer. As a result, the adhesive (particle-substrate) and cohesive (particleparticle) bonding is highly enhanced relative to the as-sprayed specimen. As mentioned in section 2.2, some 
Summary
Since kinetic-sprayed particles are deposited primarily via kinetic energy without the use of a thermal energy source, the microstructure of kinetic-sprayed coating layer differs highly from that of thermal-sprayed coating layers. Significant researches into the microstructural evolution of kinetic-sprayed coatings have occurred over recent years. According to this body of researches, the primary factors influencing the microstructure of kinetic spray are the lack of heat source and the high kinetic energy of the deposited particles. Crystal phase transformations and chemical reaction rarely occur because the particles are not heated directly by a thermal energy source. The high level of kinetic energy produces severe plastic deformation of the deposited particles. This results in a high-density coating layer with low porosity, though some micro-cracks are occasionally induced at the interparticle boundary or inner region of particles. Specifically, at the vicinity of the particle-particle or particle-substrate interface region, quite distinctive microstructures are produced compared to the inner particle region due to high-strain and high-strain-rate plastic deformation and a high degree of instantly induced thermal energy. These factors result in crystal phase transformations such as amorphization, crystallization, the formation of intermetallic compounds, and microstructural change caused by DRV, DRX, SRV, and SRX.
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